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Currently,  the  interest  in  microalgae  as a source  of biologically  active  components  exploitable  as  supple-
mentary  ingredients  to food/feed  or in cosmetics  continues  to  increase.  Existing  research  mainly  aims
to  focus  on  revealing  and  recovering  the  rare, cost  competitive  components  of the  algae  metabolom.
Because  these  components  could  be  of very  different  physicochemical  character,  a universal  approach
for  their  isolation  and  characterization  should  be  developed.  This  study  demonstrates  the systematic
development  of the  extraction  strategy  that  represents  one  of  the key  challenges  in  effective  algae
bioprospecting,  which  predeﬁnes  their  further  industrial  application.  By  using  of  Trachydiscus  minu-
tus  as  a model  microalgae  biomass,  following  procedures  were tested  and  critically  evaluated  in  order
to develop  the  generic  procedure  for microalgae  bioprospecting:  (i)  various  ways  of  mechanical  dis-
integration  of algae  cells  enabling  maximum  extraction  efﬁciency,  (ii)  the  use  of a wide  range  of
extraction  solvents/solvent  mixtures  suitable  for optimal  extraction  yields  of  polar,  medium-polar,  and
non-polar compounds,  (iii) the  use  of  consecutive  extractions  as a fractionation  approach.  Within  the
study,  targeted  screening  of  selected  compounds  representing  broad  range  of  polarities  was  realized
by ultra-high  performance  liquid  chromatography  coupled  with  high  resolution  tandem  mass  spec-
trometric  detection  (UHPLC–HRMS/MS),  to assess  the  effectiveness  of  undertaken  isolation  steps.  As
a  result,  simple  and high-throughput  extraction-fractionation  strategy  based  on  consecutive  extrac-
tion  with  water–aqueous  methanol–hexane/isopropanol  was  developed.  Moreover,  to  demonstrate  the
potential of  the UHPLC–HRMS/MS  for  the  retrospective  non-target  screening  and  compounds  identiﬁca-
tion,  the collected  mass  spectra  have  been  evaluated  to characterize  the  pattern  of extracted  metabolites.
Attention  was  focused  on  medium-/non-polar  extracts  and  characterization  of  lipid  species  present  in
the T. minutus  algae.  Such  detailed  information  on  the composition  of  native  (non-hydrolyzed)  lipids  of
this  microalga  has not  been  published  yet.
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. Introduction
Microalgae represent a group of microscopic photosynthetic
rganisms capable of converting the solar energy into biomass.
arge-scale biotechnological cultivations have begun to develop in
he middle of the last century, leading to numerous commercial
pplications. Additionally to uses of microalgae for waste-water
reatment, aquaculture sustainability, or for bio-fuel production,
ome strains can be exploited also by food/feed industry for pro-
uction of health-promoting dietary supplements, or by cosmetic
ndustry. Currently, one of the most commonly employed microal-
ae for these purposes are Spirulina sp., cyanobacteria containing
hycobiliproteins with many positive health effects (i.e., antiox-
dant and anti-inﬂammatory [1–3], hypocholesterolemic [4], or
nti-cancer [5]), Chlorella sp., microalgae containing large num-
er of antioxidants and proteins, or Dunaliella, Haematococcus
nd Scenedesmus sp., microalgae containing high concentrations
f antioxidative carotenoids (e.g., lutein, astaxanthin, zeaxanthin,
ycopene or beta-carotene) [6–8]. Additionally to these species
hich are already in use, there are many other microalgae show-
ng positive health effects, nevertheless, which are still only the
andidates for large scale cultivation and industrial application.
etween such candidates, e.g., Isochrysis, Nannochloropsis, and
orphyridium sp. known to contain signiﬁcant amounts of antiox-
dative polysaccharides and polyunsaturated fatty acids [9–13],
r Trachydiscus minutus, containing mainly signiﬁcant amounts
f eicosapentaenoic acid (EPA) and antioxidative pigments could
e named [14,15]. It is worth to emphasize, that for maintain-
ng the rentable economy of microalgae cultivation, the research
hould be focused on revealing and recovering the rare, cost com-
etitive compounds of a high economical value. In other words,
ew bioprospecting procedures focused on searching and recov-
ring the minor health-promoting compounds, besides the major
utrients such as carbohydrates, proteins, and lipids, have to be
pplied. In this context, the development of correct comprehensive
aboratory-scale bioprospection strategies allowing the general
atrix characterisation is a challenge of the greatest importance,
nd deﬁnitely not an easy task.
Up to now, several studies investigating the chemical composi-
ion of various extracts of plant- or microbial-based matrices have
een conducted. Generally, the ﬁrst and most crucial step in such
ioprospecting is extraction. Beyond the traditional solid–liquid
xtraction methodologies, such as maceration, infusion, decoc-
ion, and boiling under reﬂux, a wide range of modern techniques,
uch as microwave-, ultrasound- or supercritical CO2 extraction
ere introduced in the past decades, and have been well-reviewed
y Brusotti et al. [16]. As authors outlined, although each non-
onventional extraction technique has undeniable advantages,
one can be deﬁned as ‘universal’. The choice of extraction tech-
ique/extraction solvent becomes easier, as long as the nature of
econdary metabolites is known. When the matrix subjected to
ioprospecting is completely unknown, all extracts could be of
otential chemical or biological interest. Based on this statement,
onventional solid liquid extraction techniques comprising aque-
us extraction followed by further extractions with solvents of
ncreasing polarity (such as n-hexane, methanol, ethyl acetate, and
ichloromethane) could represent the solution [16]. It is worth to
otice that the successive extraction is especially suitable to use,
hen the amount of matrix is limited from some reason.
A great part of studies focused on bioprospection of algae dealt
ith investigation of lipids composition. Several of such studies
ocused mainly on utilization of lipids as a source for biofuels pro-
uction [17]. In this case, authors were usually not interested in the
etailed knowledge about the lipid composition, but only quanti-
ative extraction followed by gravimetric determination [18], or
lternatively, visualization of lipid droplets by a lipid soluble ﬂuo-atogr. B 1015–1016 (2016) 22–33 23
rescent dyes was  sufﬁcient for that purpose [19–21]. As concerns
the extraction of lipids, most of the studies still rely on general
extraction procedures based on Folch et al. [22] and Bligh and Dyer
[23], or their modiﬁed versions. As a less toxic alternative, chlo-
roform was replaced with dichloromethane in some studies [24].
In a relatively recent study from 2012 (Ryckebosch et al.), an opti-
mized procedure for extraction of total lipids from microalgae was
proposed. Besides examination of various extraction solvents, dif-
ferent ways of sample pre-treatment (lyophilization, inactivation
of lipases, or addition of antioxidants) and cell-disruption (by liq-
uid nitrogen, sonication or bead beating) on total lipid recovery
and lipid composition were investigated. In this study performed
on several species of Bacillariophyceae algae, chloroform–methanol
(1:1, v/v) was  shown to be the best solvent for lipids extraction
from freeze-dried matrix. No pre-treatment as inactivation of or
mechanical cells disruption was  necessary for recovery increas-
ing [25]. In another study issued in the same year, Chen and
Vaidyanathan also investigated several extraction methodologies
for isolation of lipids from microalgae. The ﬁnal method com-
prised the cell lysis by glass bead-beating, saponiﬁcation of lipids
in the methanolic NaOH solution, extraction of fatty acids into the
chloroform/methanol (2:1, v/v) mixture, and spectrophotometric
quantitation of fatty acids with copper derivates [26]. One year
later, the follow-up study extending the number of targeted groups
of investigated compounds was published by the same author
team. This time, the analysis of total carbohydrates, proteins, and
algae pigments was  introduced in the fractions obtained by the
above described procedure. Carbohydrates were determined by
anthrone method in the methanolic NaOH solution after the glass
beads supported extraction and analysis of proteins was  realized
by the Biuret method in the heated and saponiﬁed sample. The
analysis of lipids and carotenoids present in the bottom organic
phase was realized spectrophotometrically after re-extraction with
chloroform/methanol and centrifugation. The spectrophotometric
analysis of chlorophyll was  then performed in the upper aqueous
phase [27].
In the present study, we  focused on the development of a
generic extraction as an isolation approach not only for frac-
tionation of present lipids in their native non-hydrolyzed forms,
but also for covering a broad range of all the others small
molecular weight algae metabolites with potential biological activ-
ity. The ultra-high performance liquid chromatography coupled
with ultra-high resolution tandem mass spectrometric detection
(UHPLC–HRMS/MS) with the quadrupole-orbitrap (Q-orbitrap)
mass analyzers, enabling acquisition of full mass spectra with
very high mass accuracy and allowing the retrospective identiﬁ-
cation and structural characterization of present compounds, was
enabled. In this paper, potential of HRMS/MS for metabolites char-
acterization was demonstrated on the detailed description of lipid
pattern present in model microalgae, T. minutus. Such complex
information about the T. minutus native lipids has not been pub-
lished yet.
2. Experimental
2.1. UHPLC–HRMS/MS method
The non-target extracts proﬁling was realized by
UHPLC–HRMS/MS analyses enabling acquisition of the full
spectral information. Chromatographic separation was  performed
using the UltiMateTM 3000 Rapid Separation LC (Thermo Scientiﬁc,
San Jose, CA, USA).
As a reverse-phase system, Acquity UPLC® BEH-C18 ana-
lytical column (100 mm × 2.1 mm,  1.7 m i.d.; Waters, Milford,
MA,  USA) held at 60 ◦C was  used for separation of sample
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Fig. 1. Comparison of absolute peak areas of ı´extraction markersı´; (A) amino acids, monosaccharides, (B) lipophilic pigments, (C) fatty acids, (D) phospholipids and
triacylglycerols.
Fig. 2. Inﬂuence of intensity of cell walls disintegration on the compounds extractability.
‘normal‘ extraction—100 mg  of lyophilized algae + 1 g of balotina + 6 mL  of 80% MetOH
‘intensive‘ extraction 1—100 mg  of lyophilized algae + 1 g of balotina + 0.5 mL  of 80% MetOH, 1 min  vortexing, then addition of 5.5 mL of 80% MetOH, 2 min  vortexing
‘intensive‘ extraction 2—100 mg  of lyophilized algae + 1 g of balotina + 0.5 mL  of 80% MetOH, 2 min  vortexing, then addition of 5.5 mL of 80% MetOH, 2 min  vortexing
‘intensive‘ extraction 3—100 mg  of lyophilized algae + 1 g of balotina + 0.5 mL  of 80% MetOH, 3 min  vortexing, then addition of 5.5 mL of 80% MetOH, 2 min  vortexing
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Table  1
Characteristics of solvents included in the extraction experiments [41].
Solvent Solubility in H2O (g/100 g)a Relative polarityb Eluant strengthc Boiling point (◦C) Melting point (◦C)
Water M 1 1 100 0
Methanol M 0.762 0.95 64.6 −98
Methanol:water (80:20, v/v) n.p. 0.8096d n.p. n.p. n.p.
Ethanol M 0.654 0.88 78.5 −114.1
Ethanol:water (80:20, v/v) n.p. 0.7232d n.p. n.p. n.p.
2-Propanol M 0.546 0.82 82.4 −88.5
Dichloromethane n.p. 0.309 n.p. 39.6 −94.9
Chloroform 0.8 0.259 0.4 61.2 −63.5
Hexane 0.0014 0.009 0.01 69 −95
Hexane:ethanol (70:30, v/v) n.p. 0.2025d n.p. n.p. n.p.
Hexane:2-propanol (70:30, v/v) n.p. 0.1701d n.p. n.p. n.p.
Hexane:2-propanol (50:50, v/v) n.p. 0.2775d n.p. n.p. n.p.
Hexane:2-propanol (17:83, v/v) n.p. 0.45471d n.p. n.p. n.p.
Dichloromethane:methanol (50:50, v/v) n.p. 0.5355d n.p. n.p. n.p.
Chloroform:methanol (50:50, v/v) n.p. 0.5105d n.p. n.p. n.p.
n.p. = information not provided.
a M = miscible.
b The values for relative polarity are normalized from measurements of solvent shifts of absorption spectra.
c Snyder’s empirical eluant strength parameter for alumina.
d Value calculated based on the particular solvent ratios in the mixture.
Table 2
Representatives of water-soluble and lipophilic compounds identiﬁed in the 80% methanolic extract and the dichloromethane:methanol (1:1, v/v) extract.
Water-soluble compounds Elemental formula [M + H]+ Mass error (ppm)
Pangamic acid C10H19NO8 282.1183 −0.011
4-Aminobenzoic acid C7H7NO2 138.0550 −0.906
l-Carnitine C7H15NO3 162.1125 −1.418
GABA (gama-aminobenzoic acid) C4H9NO2 104.0706 2.083
Asp  (aspartic acid) C4H7NO4 134.0448 0.416
Glu  (glutamic acid) C5H9NO4 148.0604 −2.258
Leu/Ile (leucine/isoleucine) C6H13NO2 132.1019 −2.008
Met  (methionine) C5H11NO2S 150.0583 −2.172
Lys  (lysine) C6H14N2O2 147.1128 −1.184
Pro  (proline) C5H9NO2 116.0706 1.076
Ser  (serine) C3H7NO3 106.0499 2.266
Thr  (threonine) C4H9NO3 120.0655 −0.164
Tyr  (tyrosine) C9H11NO3 182.0812 −2.141
Val  (valine) C5H11NO2 118.0863 2.243
Trp  (tryptophan) C11H12N2O2 205.0972 −2.166
[M − H]− Mass error (ppm)
d-Glucose/d-fructose C6H12O6 179.0561 2.376
d-Maltose/d-sucrose C12H22O11 341.1089 4.638
Lipophilic compounds Elemental formula [M + H]+ Mass error (ppm)
Chlorophyll A C55H72O5N4Mg 893.5426 −2.451
Lutein/zeaxanthina C40H56O2 569.4353 −2.454
Cryptoxanthin/lycoxanthin/rubixanthina C40H56O 553.4404 −2.914
Canthaxanthin/alloxanthina C40H52O2 565.4040 0.606
Violaxanthin/neoxanthin/luteoxanthina C40H56O4 601.4251 −1.121
Vaucheriaxanthin/fucoxanthinola C40H56O5 617.4201 −1.087
Abscisic acid C15H20O4 265.1434 −0.285
Retinol C H O 287.2369 −1.249
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Fucosterol C29H48O 
a Compounds with the same elemental formula (previously described to be prese
omponents. As the mobile phases, water:methanol (95:5, v/v),
 mM ammonium formate, 0.1% formic acid in water (A) and iso-
ropanol:methanol:water (60:30:5, v/v/v), 0.1% formic acid (B)
ere used. The gradient was as follows: start with 10% B, linear
ncrease to 50% B in 4 min, for next 2 min  another linear increase to
00% B, keeping up to 11 min, switching to 10% B in 11.1 min, and
olumn equilibration for 3 min  before the next injection start. Sam-
les injection volume was 5 L, the ﬂow rate was  300 L min−1.
efore running the samples in the reversed-phase chromatography,
0-times dilution of extracts into acetonitrile:ethylacetate (50:50,
/v) was performed, and sample was ﬁltered through 0.2 m micro-
lter (Ciro, Boca Raton, FL, USA).282.1183 −0.011
algae).
As a HILIC-phase system for separation of polar extracts,
Atlantis® HILIC Silica analytical column (100 mm × 2.1 mm,  3 m
i.d.; Waters, Milford, MS,  USA) held at 40 ◦C was  used for separa-
tion of sample components. As mobile phases, 50 mM ammonium
formate, 0.2% formic acid in water (A) and acetonitrile (B) were
used. The gradient was as follows: start with 20% A, linear increase
to 40% A in 6 min, keeping up to 8 min, switching to 20% A in 8.1 min,
and column equilibration for 4 min  before the next injection start.
Injection volume was 5 L, the ﬂow rate was 300 L min−1. Prior to
injection, the extracts were 10-times diluted into acetonitrile and
ﬁltered through 0.2 m microﬁlter.
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Table 3
Representatives of non-polar and medium-polar compounds identiﬁed in the dichloromethane:methanol (1:1, v/v) extract. Identity of triacylglycerols, phospholipids and
fatty  acids was  conﬁrmed by evaluating the HRMS/MS spectra by using the LipidSearch software.
Compound Molecular formula [M + H]+/[M + NH4]+a/[M + K]+b mass error (ppm)
TG (18:3/18:2/20:5); TG (16:1/20:4;20:5) C59H94O6 916.7389 −1.563/−1.654
TG  (18:3/18:2/18:3); TG (16:1/18:2;20:5) C57H94O6 892.7389a −2.039/−1.532
TG  (16:0/16:1/18:1); TG (18:0/14:0;18:2) C53H98O6 848.7702a −2.579/−3.131
TG  (14:0/18:2/20:5) C55H92O6 866.7232a −2.610
TG  (16:0/14:0/18:1); TG (16:0/16:0;16:1) C51H96O6 822.7545a −2.722/−1.822
TG  (16:1/14:0/14:0); TG (18:1/12:0;14:0) C47H88O6 766.6919a −3.113/−2.478
LPC  (20:3) C28H52O7NP 546.3554 −0.022
LPC (20:4) C28H50O7NP 544.3398 −0.689
LPC  (18:1) C26H52O7NP 522.3554 −0.387
LPC  (20:5) C28H48O7NP 542.3241 −0.080
PC  (16:1/20:4) C44H78O8NP 780.5538 −1.210
PC  (16:0/18:2) C42H80O8NP 758.5694 1.093
PE  (20:1/14:0) C39H76O8NP 756.4940b 0.271
PE  (14:0/22:2) C41H78O8NP 782.5097b −0.365
FA  (14:0), myristic acid C14H28O2 246.2433 0.321
FA  (16:1), palmitoleic acid C16H30O2 255.2324 −0.213
FA  (18:3), linolenic acid C18H30O2 279.2324 1.720
FA  (18:1) oleic acid C18H34O2 283.2637 −0.511
FA  (20:2), eicosadieonic acid C20H30O2 309.2794 −0.011
FA  (20:5), EPA C20H30O2 303.2319 0.675
FA  (22:6), DHA C22H32O2 329.2475 2.432
FA  (20:4), arachidonic acid C20H32O2 305.2475 −1.232
TG—triacylglycerol.
LPC—lysophosphatidylcholin.
PC—phosphatidylcholin.
PE—phosphatidylethanolamin.
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tA—fatty acid.
a Molecular ion adduct [M + NH4]+.
b Molecular ion adduct [M + K]+.
The Q-orbitrap mass spectrometer (Q-ExactiveTM; Thermo
cientiﬁc, Bremen, Germany) worked with heated electrospray ion-
zation interface (HESI-II; Thermo Scientiﬁc, Bremen, Germany),
ith the following parameters settings: sheath/aux gas: 32/7 arbi-
rary units, capillary temperature: 300 ◦C, spray voltage: 3.3 kV,
eater temperature: 220 ◦C. The full spectral acquisition mode was
perated under the following conditions: the mass resolving power
f 70,000 FWHM (deﬁned at m/z 200), the mass scan range of m/z
0–1200. As the additional mass experiment, the data dependent
S/MS  (TopN experiment) operating under the resolving power of
7,500 FWHM (deﬁned at m/z  200), with isolation window 1 m/z,
nderﬁll ratio of 5%, apex trigger 2–6 s and dynamic exclusion 10 s
as run. All of the samples were analyzed both in reversed-phase
hromatography and in HILIC chromatography conditions, under
he both in positive and in negative ionization mode.
For the high resolution MS  spectra evaluation, XcaliburTM
oftware (Thermo Scientiﬁc, San Jose, CA, USA) was used. For
ompounds identity conﬁrmation, MassFrontierTM spectral iden-
iﬁcation software (Thermo Scientiﬁc, San Jose, CA, USA), enabling
onﬁdent small molecule structural identiﬁcation, was used. In the
ase of structural characterization and identiﬁcation of lipids, spe-
ial software able to automatically combine, process, and evaluate
he information acquired in both MS  and MS/MS  experiment, was
tilized.
.2. Identiﬁcation of lipids by the Lipid SearchTM software
For identiﬁcation of lipids, special lipidomic software Lipid
earch (Mitsui Knowledge Industry, Tokyo, Japan) was  employed.
n this study, the parent search mode and product search mode
ere used. Identiﬁcation by the parent search mode was  based
n the measuring of accurate mass of precursor ions and iden-
iﬁcation of the products based on the MS/MS  spectral pattern.
he precursor tolerance was set to 5 ppm mass window and
he product tolerance was set to 8 ppm mass window. The rel-ative intensity threshold of product ions was set to 1%. The
m-score (the score calculated based on the number of matches
with product ion peaks in the spectrum) threshold was set to
2. Both ESI+, and the ESI− records were searched for following
species of following lipid classes: triacylglycerols (TG), dia-
cylglycerols (DG), monoacylglycerols (MG), phosphatidylcholins
(PC), lysophosphatidylcholins (LPC), phosphatidylethanolamins
(PE), lysophosphatidylethanolamins (LPE), phosphatidylglycerols
(PG), lysophosphatidylglycerols (LPG), phosphatidylserins (PS),
lysophosphatidylserins (LPS), phosphatidylinositols (PI), lysophos-
phatidylinositols (LPI), phosphatidylmethanols (PMe), lysophos-
phatidylmethanols (LPMe), phosphatidic acids (PA), lysophos-
phatidic acids (LPA), sphingomyelines (SM), ceramides (Cer),
glycerolsphingolipides, and free fatty acids. In positives, [M + H]+,
[M + NH4]+, [M + Na]+, [M + K]+, and [(CH3CH2) NH3]+ were searched
for, and in negatives, [M − H]−, [M + HCOO]−, [M + CH3COO]−, and
[M + Cl]− were considered. Regarding the quality data ﬁlter, only the
results of A, B, and C identity grade were taken into account (grade
A include the lipids of which class and fatty acid chains were identi-
ﬁed completely, grade B include lipids of which class and some fatty
acid chains were identiﬁed, grade C include the lipids of which class
or fatty acid was identiﬁed).
2.3. T. minutus sample
The model microalgae T. minutus was cultivated and supplied by
Institute of Botany, Academy of Science, Czech Republic, according
to Pribyl et al. [14]; the biomass was  centrifuged, freeze dried, and
stored for two months in the vacuum bags before usage.
2.4. Other materials and chemicalsThe deionized water (18 M)  was  produced by a Milli-Q
system (Millipore; Bedford, MA,  USA). Methanol (HPLC grade),
ethanol (96%), n-hexane (HPLC grade), 2-propanol (HPLC grade),
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Fig. 3. Comparison of the extraction yields of groups of compounds of interest under the conditions of serial extraction; (A) subsequent extraction with 80% methanol followed
a B) sub
h 50, v/
e
d
o
T
f
2
d
d
after  the aqueous extraction vs. 80% methanolic extraction of freeze-dried algae, (
exane  extraction of freeze-dried algae (C) extraction with hexane/isopropanol (50:
xtraction of freeze-dried algae.
ichloromethane (HPLC grade), and chloroform (HPLC grade) were
btained from Merck (Darmstadt, Germany). Glass beads (balotina
F8, i.d. 400–600 m)  for sample disintegration were purchased
rom Ginzel Ltd. (Czech Republic).
.5. Single extraction experiments descriptionTo compare the effectiveness of extraction processes in depen-
ence on the extraction agent, solvents or solvent mixtures
iffering in their polarities were examined. 100 mg  of lyophilized
lgae was weighted together with 1 g of balotina into the 10 mLsequent extraction with hexane followed after the 80% methanolic extraction vs.
v) followed after the 80% methanolic extraction vs. hexane/isopropanol (50:50, v/v)
glass extraction tube. Then, 6 mL  of particular solvents listed in
Table 1 was added, and the suspension was  vortexed for 2 min.
Finally, the suspension was  centrifuged, the supernatant was trans-
ferred into a container and stored in −18 ◦C before the follow-up
UHPLC–HRMS/MS analyses.
Within the optimization of extraction experiments, the inﬂu-
ence of algae cells mechanical disintegration on the matrix
compounds extractability was  also investigated. To 100 mg  of
freeze-dried algae and balotina mixture, 0.5 mL of solvent was
added. Mixture was  vortexed for various time periods (1 min, 2 min,
and 3 min), and then, the rest of the extraction solvent (5.5 mL)
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as pipetted. The suspension was vortexed again for another
 min. Then the mixture was centrifuged, supernatants was trans-
erred into a container, and stored in −18 ◦C before the follow-up
HPLC–HRMS/MS analyses.
.5.1. Successive extraction experiments description
Subsequent extraction of pre-extracted algae biomass by using
f solvent with different polarity was performed in following ways.
lgae biomass residue (100 mg)  remaining after the extraction with
ater (6 mL)  and centrifugation was repeatedly extracted with
 mL  of 80% methanol (to approx. 0.25 mL  of water remaining in the
lgae biomass, 1 mL  of additional water and 4.75 mL  of methanol
ere added). The mixture was vortexed for 2 min, centrifuged, and
he supernatant was transferred into a container and stored in
18 ◦C before the follow-up UHPLC–HRMS/MS analyses.
Further, the algae biomass residue resting after the 80%
ethanolic extraction was repeatedly extracted with 6 mL  of
articular extraction solvent/solvent mixture: hexane, hex-
ne/isopropanol (50:50, v/v), hexane/ethanol (70:30, v/v),
ichloromethane/methanol (50:50, v/v), and chloroform/methanol
50:50, v/v). Suspension was vortexed again for 2 min, centrifuged,
nd the supernatant was transferred into a container and stored in
18 ◦C before the follow-up UHPLC–HRMS/MS analyses.
. Results and discussion
Searching for bioactive secondary metabolites in natural
esources, such as microalgae, is undoubtedly a challenging task. As
lready mentioned in the Introduction, a crucial issue of such bio-
rospecting strategy is the implementation of generic extraction
chedule enabling to obtain as rich matrix ﬁngerprint, as possible,
ithout discrimination of any components. Moreover, the effec-
ive outcome of bio-prospecting is then conditioned by an effective
xamination of obtained extracts. For this purpose, advanced ana-
ytical techniques, mainly UHPLC–HRMS/MS, are of the ﬁrst choice.
n paragraphs below, the multi-step development and optimiza-
ion of a comprehensive analytical strategy, as an integral part of
ioprospecting, is described in details.minutus extracts varying in the polarity.
3.1. Development and optimization of the extraction procedure
3.1.1. Selection of markers illustrating the extraction efﬁciency,
compounds identiﬁcation strategy
For effective bioprospecting of microalgae biomass, especially
when new unknown strains are investigated, extraction of very
broad scale of metabolites is essential. Within the development of
a comprehensive bioprospecting procedure, experiments leading
to build a schedule for a comprehensive extraction of microalgae
matrix were undertaken. Within the development/optimization
of the extraction procedure, compounds representing groups of
chemicals of different polarity were chosen (‘extraction efﬁciency
markers’). The list of these compounds supposed to be present
in microalgae biomass was  created based on available literature
[28–33], and the targeted screening followed by compounds iden-
tity conﬁrmation was  undertaken. Particular compounds together
with their mass spectrometric details are provided in Table 2.
Thanks to the potential of the hybrid Q-Orbitrap mass analyzer
enabling ultra-high resolving power of more than 70,000 FWHM
at m/z = 200, and normally achieved mass accuracy of less than
2 ppm, the degree of conﬁdence of compounds identiﬁcation was
very high. In addition to a very low mass detection error in a sin-
gle MS  experiment (mass error |2.5| ppm was never exceeded), and
agreement of the isotopic pattern ratio, also the MS/MS  spectra
of compounds acquired in the second MS/MS  experiments con-
ﬁrmed the structure of the selected substances unambiguously. As
a result, nine lipophilic metabolome components represented by
xanthophylls (lutein/zeaxanthin, violaxanthin, vaucheriaxanthin,
cantaxanthin, and cryptoxanthin), chlorophyll A, retinol, abscisic
acid and fucosterol were identiﬁed, and used as ‘extraction mark-
ers’. Among the polar hydrophilic compounds identiﬁed in algae
extracts were mainly free amino acids (l-carnitine, 4-aminobutyric
acid, aspartic acids, glutamic acid, leucine, isoleucine, methionine,
lysine, threonine, serine, proline, tyrosine, valine, and tryptophan),
organic acids (pangamic acid and aminobenzoic acid), and hexoses
(glucose/fructose). The exact masses of ions corresponding to com-
pounds which were searched for, nevertheless, identity of which
was not conﬁrmed because of failure to meet conﬁrmatory criteria,
are summarized in Table ST1 of Supporting material.
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A speciﬁc data mining approach was applied for identiﬁcation
nd conﬁrmation of lipids (the only group of compounds for which
utomated software capable to process high resolution MS  and
S/MS  data is available). Based on the chosen restrictive criteria
peciﬁed in Section 2, the Lipid Search software identiﬁed alto-
ether almost 900 lipid species (TG, DG, MG,  PC, LPC, PE, LPE,
G, LPG, PS, PI, and Cer). From these compounds, six major TG
pecies, eight phospholipids (LPC, PC, and PE), together with eight
ree fatty acids were taken as representatives of ‘extraction mark-
rs’ for medium-polar and non-polar fractions. Mass spectrometric
etails measured for these lipids are provided in Table 3. The scores
escribing the degree of conﬁdence of lipid species identiﬁcation
reported by Lipid Search) are presented in Table ST2.
.1.2. Development of extraction procedure, comparison of
ingle-step and multiple steps (sequential) extraction approaches
A large scale of solvents and solvent mixtures with varying
elative polarities, and other features as proton donor/acceptor
otential and dipole moment, were examined within our study.
e tested water with relative polarity equal to one, further
ethanol, ethanol, and their aqueous mixtures, dichloromethane-
nd chloroform-methanol mixtures, mixtures of hexane with iso-
ropanol and ethanol, and pure hexane, with the relative polarity
lose to zero. The detailed characteristics of the solvents used are
rovided in Table 1. The differences in the extraction efﬁciencies
ere visible at a ﬁrst sight; the colours of the extracts varied within
ach other’s from the light green shadows to very dark green. The
ields of particular ‘extraction efﬁciency markers’ (water soluble
ompounds, polar lipids, neutral lipids, and lipid accompanying
ubstances) with different log Kow coefﬁcients were assessed by
irect comparison of their absolute peak areas in the extracts. The
og Kow values, i.e., the octanol/water partition coefﬁcients describ-
ng the potential of the compound to be transferred into octanol
n the octanol/water system (generally inversely related to aque-T. minutus extracted by solvents of different polarity.
ous solubility and directly proportional to molecular weight), were
completed by using the EPI Suite KOWWIN program application, or
by searching in the lipidomic Lipid Gate database. The log Kow values
of compounds of interest are summarized in Table ST3.
To minimize/eliminate the inﬂuence of matrix effects (ion-
ization suppression/enhancement induced by co-eluting matrix
components), 10-times diluted extracts were injected into the
UHPLC–HRMS/MS system and evaluated. Dilution into the same
solvent (acetonitrile:ethylacetate, 50:50, v/v) also compensated
possible shifts in retention times of compounds of interest
which could be caused by different polarity of injection sol-
vents. The peak areas of polar markers were integrated in
HILIC-phase chromatograms, the peak areas of medium-polar and
non-polar markers were gained from reverse-phase chromato-
graphic records.
3.1.3. Single extraction procedure, inﬂuence of extraction solvent
on compounds extractability
The inﬂuence of particular extraction solvent or solvent mixture
on extractability of compound groups representatives (‘extrac-
tion efﬁciency markers’) differing in their log Kow is shown in
Fig. 1A–D. Fig. 1A clearly illustrates that highest extraction yield
of polar compounds with log Kow values < 1 (organic carboxylic
acids, amino-acids, monosaccharides) was achieved by aqueous
extraction. Most of these compounds were in relatively high quan-
tities transferred also into alcoholic-aqueous mixtures (methanol-,
ethanol-/water). A discrepancy in polar compounds recoveries
could be seen between the pure methanol and ethanol; ethanol
was able to recover only approx. 20% of the yield which was reached
after extracting with its more polar, one carbon shorter analogue. In
general terms, decreasing of the extraction yield was  observed with
the decreasing of relative polarity of extraction mixtures. Neverthe-
less, as seen from Fig. 1A, also other physico-chemical properties
play a role in compounds extractability. For instance, chloro-
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orm/methanol and dichloromethane/methanol mixtures with the
elative polarities of 0.5111 and 0.536, respectively, were able to
ield higher amounts of polar compounds than more polar ethanol
relative polarity of 0.654).
When focusing on the class of compounds with lower polarity,
.e., phospholipids and free fatty acids with the log Kow values in
he range 5–8, the most appropriate solvent mixture was the aque-
us ethanol followed by aqueous methanol, chloroform/methanol,
nd dichloromethane/methanol mixtures (see Fig. 1B and C). Hex-
ne/ethanol mixture showed similar results as those obtained by
ure ethanol, while hexane/isopropanol mixtures, as well as pure
exane, showed rather poor recoveries of polar lipids.
On the other hand, the latter two solvents were shown to be very
ffective for extraction of non-polar TG with log Kow values 15–20.
lso methanolic mixtures with chloroform and dichloromethane,
s the broad-scope extraction solvents, were found to enable high
xtraction yields of these analytes. Rather surprisingly, pure hexane
ith the lowest relative polarity value was not the most effective
xtraction solvent for neutral lipids represented by TG. These facts
gain support the conclusion that not only log Kow of the extracted
ompound together with the relative polarity of extraction agent
lay a role, but also other physico-chemical interactions of the com-
ounds incorporated in the matrix are of a great importance with
espect to the extractability.
Concerning the lipids accompanying pigments (log Kow values
2–17), they were most effectively extracted with chloro-
orm/methanol and dichloromethane/methanol mixtures (see
ig. 1D).
Within the optimization of extraction experiments, we  also
nvestigated the inﬂuence of mechanical disintegration of algae
ell walls on extractability of matrix compounds. The objective of
his effort was to demonstrate the possible increase of extraction
ield of targeted compounds after the ‘intensive vortexing’ (i.e.,
ortexing of freeze-dried algae with balotina in a very small vol-s within the particular lipid classes.
ume  of solvent; thanks to the more intensive cells disruption, cell
inclusions are released and transferred into the solvent). Indeed,
we could observe the signiﬁcant impact of intensive balotina vor-
texing. As depicted in Fig. 2, when comparing it with the ‘normal’
extraction, the yields of compounds after ‘intensive vortexing’ were
signiﬁcantly enriched.
3.1.4. Sequential extraction procedure, interactions of wet algae
residue with the next-step extraction solvent
As mentioned above, the dominating groups of metabolome
components in each particular extract were identiﬁed: as it could
be assumed, in aqueous extracts, mainly polar compounds (organic
carboxylic acids and monosaccharides) were mainly present, while
in extracts obtained by aqueous-methanolic or aqueous-ethanolic
mixtures, predominantly polar lipids and free fatty acids were
contained. TG with relatively low co-incidence of polar lipids
and lipophilic pigments were the main components found in
hexane or hexane-containing mixtures. With regard to a very
limited amount of experimental sample that might be available
under real-life conditions (milligrams of dry matter of microal-
gae are present in litters of cultivation media), we  decided to
test the possibility to process respective sample by a series of
sequential extractions. Starting with extraction with water, cen-
trifugation, and separation of the ‘ﬁrst’ extract, wet residual algae
matrix was re-used for the follow-up extraction with middle
polar solvent (aqueous 80% methanol), followed by extraction with
non-polar solvent (hexane, hexane/isopropanol, hexan/ethanol,
dichloromethane/methanol, chlorophorm/methanol). Neverthe-
less, we were wondering, whether processing of matrix with higher
moisture content (approx. 70%) would inﬂuence extraction yields
(in experiments described in paragraphs above, we  used freeze
dried samples). As documented in Fig. 3A, neither the yields of
PC and free fatty acids, nor the yields of TG and lipid accompany-
ing pigments, were inﬂuenced by the previous aqueous extraction.
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n line with expectation, the only group, recovery of which was
ecreased, were the polar compounds, which were extracted to
ater within the ﬁrst step. Considering the most non-polar group
f lipids (TG), the outcome of undertaken experiments is shown in
ig. 3B and C. When taking the pure hexane for repeated extraction
f 80% methanolic-soaked algae biomass residue, recovery of TG is
igniﬁcantly decreased when compared to the direct extraction of
reeze-dried algae biomass (see Fig. 3B). It might be assumed that
olvating of sample matrix with polar layer creates a barrier pre-
enting penetration of very non-polar hexane into the processed
atrix. Nevertheless, as far as more polar solvent, i.e., aliphatic
lcohols with hydrogen binding capability (ethanol, isopropanol)
ere added to hexane, signiﬁcant improvement of non-polar ana-
ytes yield was achieved. Interestingly, as shown in Fig. 3C, when
xtracted the residual biomass obtained after methanolic treat-
ent, even increased recoveries of TG when compared to the direct
xtraction of freeze-dried algae were used. This is probably due
o the disruption of hydrogen bonds and electrostatic forces bind-
ng TG to the matrix. These results fully justify our ambitions to
erform three-step serial extraction of particular algae sample to
btain components fractions in a simple way.
.2. Bioprospecting of overall lipidomic composition of T.
inutus
Up to now, several studies about lipidom of T. minutus have
een published, especially by group of Rezanka et al. In 2010, this
icroalga was introduced as an interesting source of EPA. In the
ollowing studies published by this research group, attention was
aid mainly to study of various region-isomers and enantiomers of
G with bound palmitic, arachidonic and EPA in dependence on the
ultivation conditions. The advanced separation principles combin-
ng reversed phase liquid chromatography and chiral separation
rinciples, together with unit resolution tandem mass spectrome-
ry were used in these studies [34–36].
In the following paragraphs, we tried to evaluate the possibili-
ies of detection by reversed-phase UHPLC coupled with HRMS/MS
ith Q-orbitrap as the mass analyzer, and assess the suitability of
sage of specialized software Lipid Search containing own mass
pectral databases for automated lipids identiﬁcation. Contrary to
he gas chromatography-based methods, where the lipids hydrol-
sis and methylation of fatty acids is required, the direct analysis
f lipid species in their native forms enables us to evaluate distri-
ution of fatty acids within the particular lipid molecules. It should
e noticed that the UHPLC–HRMS/MS method used in this paper
oes not allow quantiﬁcation of fatty acids or lipid species, because
f absence of suitable analytical standards. As we know, the instru-
ent response, thus the detection sensitivity, differs according to
hemical structure of lipids. Additionally to differences in ioniza-
ion efﬁciencies between TG and particular phospholipids with
ifferent head groups, the detection sensitivity also increases with
he decrease of the acyl-chain length, and increase of double bonds
ithin the acyl-chain [24,37]. In spite of the fact that many of lipid
tandards are available at the market, and some algorithms for their
uantiﬁcation have been suggested [24], the mechanisms of ion-
zation for all of the lipid species/fatty acids combinations, which
ould be present in the microalgae samples, is still difﬁcult to gener-
lize to obtain unambiguous and reliable quantitative results. That
s why in our study, only qualitative analysis based on the retention
ime, exact mass, isotopic proﬁle, and fragment ion spectra in high
esolution have been evaluated to characterize the lipidom pattern
f T. minutus.
Altogether, the Lipid Search software package automatically
dentiﬁed almost 900 lipid species, in dependence on the type of
he extraction solvent which was used for the extraction. With
egard to the outcome of extraction experiments, i.e., the suc-atogr. B 1015–1016 (2016) 22–33 31
cessive extraction by solvents of increasing polarity, we  decided
to assess a summary of lipid proﬁle measured in 80% MetOH, as
well as the hexane/isopropanol extract. As can be seen from Fig. 4,
the vast majority of hits of identiﬁed lipids belonged to the TG
class (altogether 898 species), both for 80% MetOH, and for hex-
ane/isopropanol. The second mostly frequented lipid class were
PG, with 105 identiﬁed species, followed by PE, DG, PC, and PI
with 78, 75, 68, and 58 identiﬁed species, respectively. From the
group of polar lipids, also PS and LPC were quite frequent with 21
and 22 identiﬁed species, respectively. The remaining lipid species
belonged to LPG, LPE, LPI, and Cer.
As regards the representation of particular fatty acids, mainly
the saturated fatty acids as lauric acid (C12:0), myristic acid (C14:0),
and palmitic acid (C16:0) were determined with the highest fre-
quency of occurrence (see Fig. 5 where the number of hits of
particular fatty acids in both extraction solvents is depicted). Lau-
ric, myristic, and palmitic acid were present with 170, 462, and
324 hits, respectively. Beside those, also the unsaturated fatty acids
as palmitoleic (C16:1), oleic (C18:1), linoleic (C18:2), and linolenic
acid (C18:3) were identiﬁed with quite high frequency, i.e., with
260, 149, 183, and 111 hits, respectively. As concerns the polyun-
saturated fatty acids, eicosatetraenoic acid (C20:4), and EPA (C20:5)
were identiﬁed as frequently occurring species, with 96 and 218
hits. The representation of these main fatty acids is in a quite good
agreement with Rezanka et al., who reported the same portfolio of
important fatty acids (quantiﬁed by the gas chromatography-ﬂame
ionization detecting method) [15]. It is worth to point out that addi-
tionally to those highly frequented fatty acids, also fatty acid species
with odd number of carbons in the carbon chain were present in the
T. minutus (C13:0, C15:0, C15:1, C17:0, C17:1, C19:1, and C21:2). In
spite of the fact that their presence is rather unusual for mammals,
those are quite common for microorganisms because of different
biochemical pathways of lipids biochemical genesis [38–40].
For these frequently present fatty acids, we tried to evaluate also
their representation within the particular lipid classes. The out-
come of this evaluation can be seen in Fig. 6. We  could conﬁrm that
majority of these highly frequented fatty acids was  present in form
of TG (87% for C12:0, 79% for C14:0, 76% for C16:0, 71% for C16:1,
78% for C18:1, 65% for C18:2, 75% for C18:3, 55% for C20:4, and
60% for C20:5). The rest of the fatty acids were shown to be mainly
incorporated in polar phospholipids (approx. 8% for C12:0, 17% for
C14:0, 18% for C16:0, 22% for C16:1, 18% for C18:1, 27% for C18:2,
17% for C18:3, 23% for C20:4, and 15% for C20:5), mostly in PG, PI,
PE, and PS.
4. Concluding remarks and future challenges
Within the undertaken study, the universal generic extrac-
tion/fractionation procedure ensuring yielding of the entire
metabolom of the bio-prospected microalgae, followed by the
UHPLC–HRMS/MS detection, was developed. The main conclusion
remarks can be summarized in following points:
(i) For bio-prospecting of microalgae, where the sample amount
is a limitation, the subsequent (serial) extraction with the
solvents differing in their polarity and overall extraction
capability is the best solution. Aqueous extraction followed
by extraction with 80% methanol, then followed by hex-
ane/isopropanol (50:50, v/v) was  considered as the best choice
how to yield the water-soluble metabolites, polar lipids, and
non-polar TG in the separate fractions.(ii) Intensive vortexing of algae with balotina during the extrac-
tion helped to support the extraction yields of carotenoids,
xanthophylls, free fatty acids, phospholipids, as well as tria-
cylglycerols.
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iii) The UHPLC–HRMS/MS method is the efﬁcient tool for
realization of retrospective data mining and structural char-
acterization of metabolites present in bioprospected matrices;
detailed inspection of measured data provided the valuable
information about the composition of native lipids of T. min-
utus microalgae. Majority of important fatty acids, including
the poly-unsaturated omega-3 EPA, are incorporated as tria-
cylglycerols, followed by phospholipids.
In the next phases of our studies, the simple and high-
hroughput isolation strategy developed here will be employed
or investigation of various strains of microalgae from public
icroorganism collections, as well as completely new strains sam-
led from so far unexplored regions of the Earth. Besides to the
HPLC–HRMS/MS records allowing the retrospective non-target
creening and data mining, assessment of the biological activities
f particular algae strains extracts will be undertaken (additionally
o the antioxidant activity, also the enzyme inhibitory tests or the
esting on the human/animal cell lines will be performed). Combin-
ng these approaches of bio-prospecting, the microalgae of a high
ealth-promoting potential will be selected, and together with the
esearch focused on supporting of their cost-effective cultivation,
ew opportunities will being opened in the food/feed/cosmetic
ndustry area.
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